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Nucleation and Growth of ’He-B in “He-A

C. ¥. SWIFT AND D. S. BUCHANAN"

(Condensed Matrter snd Thermal Physics Group. Los Alamos National laboratory.

Los Alamos. New Mexico B7545 USA)

The ?Fe A < B transition is remarkable for a number of reasons.

energy dif ference between the two phases.
S phase 15 vanishingly small.

Because of the small bulk free

the probability of homogeneous thermn! nucleation of the
Thus the experimental fact that the B phase nucleates readily from

the A phase is not understood. The A <+ B transition is also remarkable in that when it occurs

a!ter cooling from above the critical temperature,

known as hypercooling. In this situation,

recent work on both these topics,

1t occurs in Aan cxtreme state of supercooling
the velocity of propagation of the A-B phase interface
is controlled by microscopic phenomena rather than by thermal diffustion.
fncluding the velocity of propegation of the A-B interface

We briefly review our

through hypercooled He-A. a search for cosmic-ray-induced B-phase nucleation, and preliminary
observations of B-phase nucleation locations and temperatures

Of all the first-order phuse transitions that
occur in nature. the He A = B transition is among
the most remarkable. The “He A-B interface pro-
videx us with a boundary between twvo macroscopic
quantum states having different symnetries. The
stationary A-B Interfacisl surface tension is a
consequence of the spatially smooth transition
between the A- and B-phase order parameters that
takes place &t this buundary This surface
tension was originally measured by Osheroff and
Crosr [1] and interpreted by them [2] and by Kaul
and Kieinert [3]. more recently. Schopoh! [4) has
calcuiated the surface tansion more accurately
Other recent work on the stationary A-B interface
{ncludes Yip's [b] theoretical studies of the
Kapitza resistance of the A-B interface and of
Orsager-1ike relazfons coupling heat flow through
the interface vith the pressure difiference across
the interface, and Saloman's [G) theoretical study
of the topology of exotic vortices terminating on
a roteiing A-B interface

LD&.MQ.JEQ.A_LJEIEREAQ.

The A = B transition is sleo remarkable {n
that {t exhibita extremely iarge supercooling
When the A <« B transition tnkes piace after
cooling from rnbove the superfluid transition
temperature, {¢ occurs at a very low reduced
temperuiture Tnffm. where Tn fs & nucleation

temperature TAB is the squilibrium. thermodynamic

transition tempe;ature, ad both are functions of
pressure At comnonly observed values of T" the

adigbatic temperature rige for the A - B phase
transition, L/C, where | s the latent heat of the
transiticn per unit volume and C 18 the spectiftc
heat per unit volume, {8 much less than the
tewrperature difference T - 1" Indesd at melting

pressure L/C {8 abcut 10 uK while we have obsevved

values of TAB - Tn in exceas of 400 pKk  Ruch &

material is said to have been hypercooled
supercooled so far below the equilibrium
transition temperature, with nuclestion at 1n
that C(Tm-ﬂn)/l > ).

observed {n other mmteriale {7,

While hypercooling has been
the A «+ B

.io' at Biomagnetic Technologies. I ., San Dwu«;

CA 92121

transition in *He is also remarkable in that far
greater degrees of hypercooling can be observed in
it than {n any other substance.

For ordinary supercooling. where C(TAB_ Tn)/L
¢ 1, the velocity of propagation of the interface
between two phases is determined by straight-
forward therma! considerations [8]. invoiving the
diffustion of the latent heat of the transition
away from the interface. But for a hypercooled
transition the latent heat can be absorbed loca. .y
by the heat capacity, »> that some other mechanism
sust limit the velocity of propegation. We have
measured the vclocltx of A-B interface propagation
through hypercooled “He-A to be &s large as
67 em/s. For the case of an A + B transition in
supercooled He a preliminary calculatfon [9)
estimated the thermally liwmited velocity of
propagation to be ca. 0.05 cm/s.

For measurements of the velocity of propa
gation Vap' OVT experimental cell was ¢ heavy-

walled epoxy vessel with a ~ .. ~! open column for
?He. shown in Fig. la. enclosed {n u niobium-
shielded tower of 22 mm inside diameter. The
velocity of propagation of the interface in the
column could be maasured by magnetic means. a» the
magnetic susceptibility of the B phase is jens
than that of the A phase. The column had chree
sections of diameters 3.2, 1.6, and ¢ 8 mm tn try
to investigate the dependence of the velocity on
macroscoplc dimensions. The primary coil of the
magnetometer consianted of two layers of clowely
wound 8O-um-diam Nb-T1 wire. The secondary coils
consisted of three som!) metatically wound pairs
made of the same wire and connected in series to
the signal cotl of a SQUID. one palr per section
of the column  Further detalls of the apparatus
can be found in ref 10

At the bottom of the column was another
superconducting cotl with a central fleld of O 1"
T/A  This coll provided a “valve  field which
allowed precise concrol of the nucleation process
fro ti'e column  The equiiibrium transtition
temperature YM‘ 1s strongly suppressed by a

angnetic field falling to zero temperature At
mbout 0 6 1 Thus. the introduction of the valve
magnstic fleld between that part of the cell in
cluding the thermometer, in clone thermi' contact
with the sinter and that part comprising the
magnetometer sepatuted the cell tnto two regicna
that below the valve field, ne juding the sinter
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Fig. la. The A-B interfacial velocity cell.
1b. A typical signal generated In the six
secondary coils as the A-B interface
propagn’es through the cell from bottom
1o lop

and the thermometer. and that above the valve
field, 1 e, the {nterior of the epoxy column  Aa
8 consequence. with the valve field met high
snough that penetration of the B phase from efther
direction was impossible, nucleation occurred
independently above and below the valve fleld
Since we found that nucleation always occurred
first in the relon below the valve field, 1t wan
straighforward [10) 10 let the B phase "pop”
through the valve at the wvell defined temperature
deterained simply by the equilibrium A-B tran-
sition temperature in the high-fi1eld region of the
valve. The phase boundary then propmgated up the
rest of the column In a hypercooled ntate A
typical magnetic signsl as a function of time is
shown in Fig 1b. where the signals from the
passage of the interface through sach of the six
secondary colls can clearly be seenn  The velocity
wns calculated by measuring the time between the
half-height points of the smgnetization change
indicated by succeeding coils and dividing by the
distances betwenn the centers of the colls

Ve maasured AR for T/rn between 0.9 and

0 77. The data for the lowest, largest-diameter
section of the column are plotted versus Tfl“‘ in

Fig 2 for three different pressuces The 31 6
and 29 7-bhar data were taken In a 10-aT field
while the 24 B-bar data were taken in a 2--ml
field Also plotied are data for 20 7 hars and 40
aT. Al} of the data fail on a common curve within
experimental uncertainties VYelocitien for the
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Fig. 2. Measured A-B phase-front velocity

squares, 33 6 bars, 10 wT; triangles.
29 .7 bars, 10 mT; crosses, 24.5 bara, 20
mT. and lozenges, 29.7 bars, 40 mT. The
measurements shown were obtained for the
bottiom (large dimneter) section of the

column. and, we believe. have # in the
plane of the interface because of tae
applied mgnetic fjeld The upper and
lower nmolid liswes are the values

calculated by Yip and Leggett for ¢
respectively normml and parallel to the
plane of the phase boundary The das'ird
line shows qualitatively the behavior
predicted by 5aloma

upper two sections of the colum. not shown, were
conslistently m!ower than for the bottom section
But because of the design of the cell and the
large temperature dep-ndence of Vap' " cannnt

conclude that AR depeinds on tube diameter n

rough calculetion shows that a heat leax sy amnl!
as 5 p¥ down tne colunh would also Acrount for the
velocity dirferences cbrerved

As discussed ahove 8ll of tL.ene measurensnts
fall tnte the hypercouvied regime. and so the
classical thermn| prucesses of diffusjon of the
lntent heat awny from the interface cannot
determine the propagntion velocity Yip and
lLeggett [11) have proponed that ~der the con
ditions of these mtasurements the vejoctity In
limited by transmissivn and Andraev reflectinn of
quasiparticlen. caused by the change In the oride
parameter across the interface Their calcu
lations of limiting velocities are piasible
because the quasiparticle wasn free path is much
larger than the effective width of the interimcr
(which 1a of the order uf the coherence length)
80 the calculntionn depend anly on bulk A snd b
properties. not on the details of the apatinl
dependence of the wavefunction within the tnter
face Thetir calculations. shown In part in
1ig 2. are in rednonable mareewent with our datn
and in addition predict seveial phenomenn whith
have not vet been investipated sxporimentally n

strong dependence of v an the orientation of ¢

AN
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in the A-phase; the possibility of underdamped
interfacial waves a: very low terperatures, where
the interfaciai inertial mass. of the order of
10_12u/cm’. should dominate the dissipative
Andreev reflection pro:esses; a strong pressure-
dependence of Vap Near the polycritical point; and

dominance of pair breaking over Andreev reflection
as the velocity-limiting mechanism at very low
temperatures, where YAB becomes comparable to the

Fermi velocity.

Very recently, Salomna [12] has predicted
additional interesting characte~istic. of the
moving A-B interface. Using symmetry analysis and
numerical computations, he calculates the spatial
dependonce of the order parameter within the
interface Iin detail, and predicts a textural

trans{tion within the interface at VAB ~ 6 cn/s,

which he associates with the rapid increases in
V\E that we observed (c.f. Fig. 2) below T/TAB x

0.8. He alaso predicts that, at lower temperatures
and higher velocities. a new dissipation mechanism
should dominate Andreev scattering: the emission
of stable phane-slip plane excitations from the
moving boundary.

ON

One of the most remmrkable aspects of the A =
B transition {s that it occurs at all This phase
transition is of f!-8t order, with an exceedingly
sma!l bulk free energy difference between the two
phases Because of this smnll free energy dif-
ference. the energy of formation of a critical
sized bubble of ’He-B 1n "He-A, according tos
claasical nucleation theory [13] and first
estimated by Kaul and Kleinert [3]. is Epubble *

ZO.kHT. and the theoretical probability of homo-

geneous thermnl nuclention, which {s proportionnl
to exp(-fhubbl'/k“1), is very roughly a hund’ ~d

orders of mgnjtude smaller than the observed
nucleation rate. Thus, the obvious e:perimental
fact that the B phase does nucleaate from super
cooled A phase 18 not understood at all. Varioua
alternate nurleation mechanisma, ranging from
pathological distortion of the order parameter

near boundaries to some heretofore unimagined flnw
in ovr underatanding of the atatistical mechanics

of extremely {mprobable processes, have been sug-
gested;, but none of these mechaniems has seemed
probmble enough to find general acceptance as an
explanation of the nuclention puzzle.

A very nove| alternntive nucleation mechanism
was proponed recently hy leggett (14]  He sug
geated that the nuclentton of the B phaae from the
metastable A phane s caused hy the passnge of n
cosmic ray through the “He aample  The commic ray
produces & electrons along tia pnth, and ench &
eleciron quickly deponfts 1ta energy an heat inn
“fireball” 1n the helium, with a radius of a few
hundred mngstroms loggett realtzed that the
fireball would nnt reach thermn] equilibrium atth
the rest of the fluld through ordinary diffuston
of heat. because the quaniparticle maan free pnth
in “He {s one to two orders of mgnitude IArger
than the radius of the fireball  Conmequently, he
predicted that, at some time after tta formmtion,
the fireball would have the “"baked Alankn”
property it would have R hot (but e¢ooling)
spherical shell propagnting outwnrd at nenily the

Fermi velocity. surrounding a sphere of liquid at
essentially the ambient liquid *emperature. The
expanding hot shell could protect nascent B phase
inside {t unti] the critical bubble radius was
exceeded, so thaut the B phase could then expand to
fill the experimental cell

We urdertook to check Leggett's hypothesis,
to see if the passage of cosmic rays through a
gupercooled “He-A tample caused the nucleation of
3He--B Basically, we sandwiched a small sample of

He between two particle detectors that could
detect cosmic rays, as shown in Fig. 3. The “He
guclea!ion sample wa fsolated from most of the

He in the cell by a ,< ion of high magnetic
field Magnetometers on the helium sample could
detect the A -+ B phase transition. Repeatedly. we
cooled the He from above the superfluid tran-
sition temperature through the A = B cransition
(slowly enough to ensure that the sample tempera-
ture was uniform to about 20 uK)., monitoring the
magnetometer and the two particle detectors,
looking for three-way coincidences indicating the
passage ol a cosmic ray through the sample coinci-
dent with the nucleation of ’He-B. After moni-
toring 537 A - B (ransitions at 30 bar in this
way, we had observed a statistically insignificant
number of coincidences, suggesting that cosmic
rays were not responsible for nucleation of the B
phase.

However, we cannot definitively rule out al)
cosmic-ray-related nucleation mechanisms. The
logic of this conclusion goes as follows. Because
of the geometry of the sample and particle de-
tectors, the angular Jdistribution of incident
cosmic rays, etc., we can ca'culate that we de-
tected 30X of the cosmic rays that hit the “He
sample. If homogeneous, bulk cosmic-ray-{nduced
nucleations were responsible for all A = B
transitions in our sumple, we would have detec ted
30X of such nucleations in coincidence with the
cosmic rays we could observe, an ensily dis-
tinguishable signal. So we gap rule cut homo-
geneous cosmic-ray-induced nuclenticn as origin:
ally proposed by Leggett. However. our dntn

[P L EEL AL AL L]

Toulh MmOang 108 :
. . ""./ Mamsany (0N
, ‘ ,// CBECONDARY On b

A LT
ltﬂ'lﬂ;l“'ImVlﬂ
ARy On

L

oM Ak L]
[TATTRI. 1Y

17} enean
[ L I11]

]
»
[ LRING N r\‘ wai vl Pl t OO0

AT polmAMOIw
)

-

Fig V' Two croma sectiona through the cell used

for cosmic ray induced nucleation
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cannot eliminate the possibility that cosmic rays

could be necessary and sufficient to add encrgy in
the vicinity of a surface imperfection or textural
singularity. causing nuc'eation at such sites

only. Such sites could have heen concentrated in
the regions of our cample not covered by the

particle detectors, so that we would never have
detected the cosmic rays that triggered nuc-
leations at those sites.

T
This leads us to consider the locations of
nucleation sites. Figure 4 {]lustrates how we
determined nucleation locations in the simple
geometry of the vap BPPeTBIUS. Locations were

determined by measuring the relative timing of the
magnetization~change signals from the six
secondery coils in the columm. During our
ordinary V,p Weasurements, signals from the six

colls occurred sequentially from bottom to top"
1. 2. 3. 4, 5, 6, as was shown in Fig 1b. 3ut
with the valve field set high enough. nucleations
occurred within the column. A typical resulting
signal is shown In the inset to Fig. 4; there. the
signale occurred In th: order 2, 3, 1. 4, 5, 6,
and {t is easy to determine that the nucleation
must *ave cccurred somevhere in the plane labelled
P = 30 bar in Fig. 4. Only three such nucleations
were observed In that cell; their Jocations are
marked in the figure

The four secondary coils {n the cosmic-ray
cell also allowed "1s to obtain {nfermation on
hucleation locations, and we collected a large
amount of dawa, shown in Fig. 5, ~hile we were
looking for the coamic-ray coincidences We bullt
the cosmic-ray cell before we learned tha: Y\B {s

expected to depend strongly on A-phase texture. so
there was no provision for controlling the textur:

throughout most of the sample. (1in the AR cell.
N
H
!
o
! PAARY
COn
WUCLEATIONS OSREAVED o
Y S1CONDARY
Peldow "'.‘-O.l cons
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' wony
# .30 b ‘*'-ull .
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g (a)
Fig 4 locations of B phase nucleattons tn "he
interfacinl velocity ce!l Ihe tneet At
lover left shows the atgnn! gerera'ead in
the & secondary rotla after the P = W)
bar nucliaation

the A-phase texture was well defined by the
primary coil s magnetic field.) Since Vap ™Y be

anistropic with respect to texture by as much as a
factor of three [11], 1t 1s impossible to tran-
slate the arrival time differences shown in Fig 5
into nucleation Jocatfons unambiguously. The data
are nevertheless Intriguing. Firstly. the fac:
that there are two major. brnad peaks in the curve
of Fig. 5 shows that the nucleatjons were not
s{mply occurring at the coldest part of the cell
Secondly, the existence of the two peaks in the
data. but only one Jarge. open region in the cell,
suggests that the nucleation locations were not
distributed throughout the cell in a spatially
uniform way Apparent]y there were two regions 1n
the cell where nucleations most of ten occurred
This supports the ruspicion that surfaces or
textures are crucial parts of the nucleation
mechanism.

-~ C

We conclude with a briel discussion of the
temperatures at whiich nucleations occurred. We
show 1n Fig. 6 the nucleation temperatures we have
observed in our twvo cells. at various pressures,
and also nuclestion temperatur=s observed in a
rotating NMR apparatus in Helsinki [15]. In the
figure caption we list the conditions for each of
the points ¢n tr. plot. It {s striking that the
nucleation temperatures varied so widely under
differen: circumstances. Equally striking is the
fact that for a given set of conditions. the
nucleation temperatures were very reproducible:
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for example, the 537 mucleations observed Iin our
cosmic-ray cell occurred at T“/TAB =z 0.9]19 with &

standard deviation of only 1.3X. Thsse data
suggest that magnetic [leld strength exerts an
important influence on nucleation temperature,
with the nucleation temperature being suppressed
by magnetic field far more strongly than the
equilibrium transition temperature is suppressed.
Systematic, accurate measurements of the magnetic
field dependence of the nucleation temperature may
be one key to the understanding of the nucleation
process.

B

D {bar)

0.7 08 09 i0
Truc /TAB

Fig. 6. B-phase nucleation temperatures under a
variety of circumstances. Squares:
interfacial velocity cell. “below” the
valve fleld (sinter and thermometer).

O gauas. Triangles: interfacial velocity
cell, "above” the valve [ield
(mmgnetometrr column). 100 gauss (30 and
34 bar) and 200 gmuss (25 bar). Circle:
cosmic-ray celi, both "above” and "below”
the valve fie!d, O gnuss Horizontal
Jines' Helsinki rotating NMR apparatus,
few hundred gauss.
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